Xk-related protein (Xkr) 8, a protein carrying 10 transmembrane regions, is essential for scrambling phospholipids during apoptosis. Here, we found Xkr8 as a complex with basigin (BSG) or neuroplastin (NPTN), type I membrane proteins in the Ig superfamily. In BSG −/− NPTN −/− cells, Xkr8 localized intracellularly, and the apoptosis stimuli failed to expose phosphatidylserine, indicating that BSG and NPTN chaperone Xkr8 to the plasma membrane to execute its scrambling activity. Mutational analyses of BSG showed that the atypical glutamic acid in the transmembrane region is required for BSG's association with Xkr8. In cells exposed to apoptotic signals, Xkr8 was cleaved at the C terminus and the Xkr8/BSG complex formed a higher-order complex, likely to be a heterotetramer consisting of two molecules of Xkr8 and two molecules of BSG or NPTN, suggesting that this cleavage causes the formation of a larger complex of Xkr8-BSG/NPTN for phospholipid scrambling.
Xk-related protein (Xkr) 8, a protein carrying 10 transmembrane regions, is essential for scrambling phospholipids during apoptosis. Here, we found Xkr8 as a complex with basigin (BSG) or neuroplastin (NPTN), type I membrane proteins in the Ig superfamily. In BSG −/− NPTN −/− cells, Xkr8 localized intracellularly, and the apoptosis stimuli failed to expose phosphatidylserine, indicating that BSG and NPTN chaperone Xkr8 to the plasma membrane to execute its scrambling activity. Mutational analyses of BSG showed that the atypical glutamic acid in the transmembrane region is required for BSG's association with Xkr8. In cells exposed to apoptotic signals, Xkr8 was cleaved at the C terminus and the Xkr8/BSG complex formed a higher-order complex, likely to be a heterotetramer consisting of two molecules of Xkr8 and two molecules of BSG or NPTN, suggesting that this cleavage causes the formation of a larger complex of Xkr8-BSG/NPTN for phospholipid scrambling.
phospholipid scramblase | Xkr8 | chaperone | basigin | neuroplastin P hospholipids are asymmetrically distributed in plasma membranes by flippases that actively translocate phosphatidylserine (PtdSer) and phosphatidylethanolamine from the outer to inner leaflets of the membrane (1, 2) . This asymmetrical distribution is disrupted in the activated platelets and apoptotic cells (3) , in which the PtdSer exposed on the cell surface serves as a scaffold for blood clotting factors and as an "eat me" signal, respectively (4, 5) . ATP11A and ATP11C, members of the P4-type ATPase family, act as flippases at the plasma membrane in most cells (6, 7) . Two processes, flippase inactivation and scramblase activation, must occur to disrupt the asymmetrical phospholipid distribution and expose PtdSer on the cell surface (8) .
Scramblases are membrane proteins that nonspecifically and bidirectionally transport phospholipids between the two plasma membrane leaflets (9) . Ca 2+ -activated phospholipid scrambling is mediated by membrane proteins that belong to the transmembrane protein (TMEM)16 (also called ANO) family (8) . Of 10 human TMEM16-family members, 5 are Ca 2+ -activated phospholipid scramblases at plasma membranes. TMEM16F exposes PtdSer in activated platelets and osteoblasts (10) (11) (12) . The tertiary structure of fungal TMEM16 and the biochemical characterization of mouse TMEM16 family members indicate that TMEM16 forms a homodimer that directly binds Ca 2+ (13) . Phospholipid scrambling and PtdSer exposure in apoptotic cells is mediated by another family of membrane proteins, the XK-related (Xkr) proteins (8) . Of 10 human Xkr family members, Xkr8 (ubiquitously expressed) and Xkr4 and Xkr9 (expressed in specific tissues) are cleaved by caspase during apoptosis to expose PtdSer (14, 15) , but how the cleavage activates these Xkrs to scramble phospholipids is unknown. XK, the founding member of the Xkr family, associates with Kell, a type II membrane protein (16) . Whether Xkr8 and other Xkr-family members associate with other proteins has not been addressed.
In this report, we found that Xkr8 solubilized in different detergents behaved differently in blue native PAGE (BN-PAGE). We purified the Xkr8 complex from membrane fractions and determined that it associated with basigin (BSG) or neuroplastin (NPTN) (17, 18) . We found that BSG or NPTN is required for Xkr8's function as a caspase-dependent phospholipid scramblase. In apoptotic cells, the caspase-cleaved Xkr8, together with BSG or NPTN, formed a higher-order complex, suggesting that BSG and NPTN might also be involved in scrambling phospholipids.
Results
Identification of BSG and NPTN in the Xkr8 Complex. To assess molecular characteristics of the Xkr8 protein, PLB985 cells (PLB) not expressing Xkr8 (14) were transformed with Flagtagged human Xkr8 (hXkr8). Because the stability and subunit structure of membrane proteins is often regulated by Ca 2+ and detergent (19, 20) , PLB-hXkr8 was lysed in different detergents (CL47 or CL48) with mild and intermediate stringency (21) containing 0.5 mM EGTA or 1.0 mM Ca 2+ and separated by BN-PAGE. Western blot with anti-Flag showed that hXkr8 lysed in CL47 behaved as a large complex in the presence or absence of Ca 2+ (Fig. 1A) ; however, when lysed with CL48 containing Ca 2+ , the intensity of the large hXkr8 complex decreased significantly. Because SDS/PAGE showed similar amounts of hXkr8 in CL47 or CL48 with or without Ca
2+
, these results suggested that native hXkr8 exists as a large complex in the absence of Ca 2+ , but the complex is disrupted by Ca 2+ in CL48. To confirm the effect of Ca 2+ on the hXkr8 complex, crude membrane fractions (Fig.  S1A) were prepared from PLB-hXkr8 in isotonic buffer containing 1.0 mM Ca 2+ or 0.5 mM EGTA and solubilized with CL48 containing 1.0 mM Ca 2+ or 0.5 mM EGTA. As shown in Fig. 1B , when hXkr8 was prepared with the isotonic and solubilization buffers containing EGTA, it behaved as a large complex. However, there was no clear hXkr8 complex in lysates prepared with the buffers containing Ca
, although similar amounts of hXkr8 were detected in SDS/PAGE. Adding 1.0 mM Ca 2+ to the CL48 solubilization buffer severely decreased the intensity of the large complex, indicating that Ca 2+ disrupted the structure of the hXkr8 complex. In agreement that different detergents have different effects on the hXkr8 complex, the treatment of CL47 lysates with Triton X-100 or Nonidet P-40, but not
Significance
In healthy cells, phosphatidylserine (PtdSer) is exclusively localized at inner leaflets of plasma membranes. When cells undergo apoptosis, caspases cleave a membrane protein, XK-related protein (Xkr) 8, at the C terminus, and the cleaved Xkr8 supports scrambling of phospholipids between inner and outer leaflets of plasma membranes. The PtdSer, thus exposed to the cell surface, is recognized by macrophages as an "eat me" signal for engulfment of dead cells. We report that Xkr8 is present as a complex with basigin or neuroplastin that work as a chaperone to localize Xkr8 at plasma membranes. When Xkr8 is cleaved by caspase, the complex undergoes a higher-order structure. These results will contribute to our understanding of how the Xkr8 scrambles phospholipids when cells undergo apoptosis.
digitonin, Tween20, or CHAPS, reduced the size of the hXkr8 complex (Fig. 1C) .
To identify molecules associated with hXkr8, light membranes were prepared (Fig. S1A ) and solubilized with CL47 or CL48 containing 0.5 mM EGTA. The hXkr8 complex was trapped with anti-Flag beads, and Xkr8-bound proteins were eluted with 1 mM Ca 2+ in CL48 or with 1% Triton X-100 in CL47 (Fig. S1B) . In SDS/PAGE, silver staining showed broad, specific bands of 60-70 kDa in eluates with 1 mM Ca 2+ (Fig. 1D ) or 1% Triton X-100 (Fig. S2A) . In either case, subsequent elution with Flag peptides produced a 37-kDa band that was hXkr8. Mass spectrometry indicated that the 60-to 70-kDa proteins in the Ca 2+ eluates were a mixture of hBSG and hNPTN (Fig. 1D) . To confirm that hXkr8 associates with BSG and NPTN in hXkr8 complex, light membranes solubilized in lauryl maltose neopentyl glycol (LMNG) were trapped with anti-Flag beads and directly eluted with Flag peptides. Staining the eluates with Coomassie Brilliant Blue (CBB) revealed a large complex on BN-PAGE (Fig. S2B) , and mass spectrometry showed that hBSG, hNPTN, and hXkr8 were present in this complex. Preincubating the CL47 lysates from PLB-hXkr8 cells with anti-hBSG, but not with anti-mouse (m)BSG, shifted about half of the large hXkr8 complex to a larger band (Fig. 1E) . Preincubating with anti-Flag caused a similar, but complete, shift of the large band, suggesting that the large band contained two complexes: one with Xkr8 and BSG and another with Xkr8 and NPTN.
Requirement of BSG or NPTN for Xkr8 Complex Formation. BSG and NPTN are type I membrane proteins in the Ig superfamily (17, 18) (Figs. S3A and S4 ). Mature hBSG and hNPTN share 39.6% identity on the amino acid sequence. We knocked out the hBSG and hNPTN genes in PLB-hXkr8 using the CRISPR-Cas system (22) (Fig. S3B) . Light membrane fractions prepared from parental and BSG
PLB (DKO)-hXkr8 were solubilized with CL47, bound to anti-Flag beads, and eluted with 1% Triton X-100 in CL47. Silver staining of parental-cell eluates showed broad bands at 60-70 kDa on SDS/PAGE that were recognized by anti-BSG or anti-NPTN (Fig. 2A) . These bands were not seen in eluates from DKO-hXkr8. When subsequently eluted with Flag peptides, membrane lysates from PLB-hXkr8 released a 37-kDa protein that was recognized by anti-Flag, confirming it to be hXkr8. Unexpectedly, hXkr8 eluted from the beads was greatly reduced in membrane lysates from DKO-hXkr8, suggesting that hBSG and/or hNPTN were required to localize hXkr8 to the membrane or stabilize the Xkr8 protein.
Accordingly, crude membrane fractions from DKO-hXkr8 did not show the large hXkr8 complex on BN-PAGE (Fig. 2B) . Transforming DKO-hXkr8 with HA-tagged hBSG or hNPTN rescued the formation of large hXkr8 complex on BN-PAGE and the 37-kDa hXkr8 protein on SDS/PAGE; hNPTN was more effective than hBSG. Preincubating the CL47 membrane lysates with anti-HA shifted the complex to a larger one, confirming the presence of hBSG and hNPTN in the hXkr8 complex. To test whether the large hXkr8 complex contained hBSG, hNPTN, or both, DKO-hXkr8 cells were transformed with HA-tagged hNPTN with or without nontagged hBSG. Preincubating CL47 lysates from DKO-hXkr8-hNPTN cells with anti-HA, but not anti-hBSG, shifted the large band on BN-PAGE (Fig. 2C) , confirming that the anti-hBSG did not recognize hNPTN. Preincubating the lysates from DKO-hXkr8-hNPTN-hBSG cells with anti-HA shifted After adding the indicated detergents (0.5% for digitonin and 1% for all others), the lysates were incubated for 1 h on ice, assessed by BN-PAGE or SDS/PAGE, and Western-blotted with anti-Flag. (D) Light membranes from PLB or PLB-hXkr8 were solubilized with CL48 and applied to anti-Flag beads. Proteins were eluted with CL48 containing 1 mM CaCl 2 , and then with Flag peptide, separated by SDS/PAGE and silver-stained. The broad band at 60-70 kDa was analyzed by mass spectrometry (table) . (E) Crude membranes from PLB expressing the N-terminally V5-and C-terminally Flag-tagged hXkr8 were lysed in CL47, incubated with anti-hBSG, anti-mBSG, or anti-Flag, analyzed by BN-PAGE, and Western-blotted with anti-V5. 70-80% of the complex to a larger one. Preincubating the lysates with anti-hBSG shifted about 30% of the complex; preincubating with both anti-HA and anti-hBSG shifted all of complex to the larger band. These results strongly suggested that the large hXkr8 complex carried BSG or NPTN.
Effect of Mouse BSG and NPTN on Endogenous Xkr8-Mediated PtdSer
Exposure. BSG and NPTN are ubiquitously expressed in various mouse tissues; in most cases the BSG mRNA level is severalfold higher than that of NPTN (Fig. S5) . We next assessed the effect of mBSG and mNPTN on the endogenous Xkr8 complex. Realtime RT-PCR indicated that the mBSG mRNA level in Fasexpressing WR19L cells (WR/Fas) was about 10 times higher than that of mNPTN (Fig. S6A) . We generated WR/Fas with a single or double knockout of mBSG and mNPTN genes (Fig. S6 B  and C) . Crude membranes of parental and mutant WR/Fas were solubilized with LMNG and separated by BN-PAGE. Western blots with anti-mXkr8 showed a large band in WR/Fas; this band was severely decreased in mBSG −/− and mBSG (Fig. 3B) . However, the Xkr8 complex was present in mNPTN −/− WR/Fas, probably because mBSG, which was more abundant than mNPTN, contributed to the complex formation. These results suggested that mBSG or mNPTN is required for endogenous mXkr8 to form a large complex at the membrane.
Embigin (EMB) is in the same family as BSG and NPTN (Figs. S4 and S6D). When DKO WR/Fas were transformed with HAtagged mBSG, mNPTN, or mEMB (Fig. S6E) , mBSG or mNPTN supported endogenous mXkr8's localization to the light membranes but mEMB did not (Fig. 3B) . When EGFP-tagged mXkr8 (EGFP-mXkr8) was stably expressed in WR/Fas, it was found at the plasma membrane (Fig. 3C) . However, EGFP-mXkr8 localized intracellularly in mBSG −/− or DKO WR/Fas; this mislocalization in DKO WR/Fas was rescued by transformation with mBSG or mNPTN but not with mEMB. Thus, mBSG and mNPTN chaperoned mXkr8 to the plasma membrane. When parental, mBSG
, and DKO WR/Fas and DKO transformants expressing mBSG, mNPTN, or mEMB were treated with Fas ligand (FasL), about 40% of WR/Fas exposed PtdSer within 1.5 h (Fig. 3D) . In BSG −/− and DKO, but not NPTN −/− WR/Fas, the FasL-induced PtdSer exposure was severely decreased, although caspase 3 was activated as efficiently as in parental WR/Fas (Fig. S6F) . Exogenously expressing either mBSG or mNPTN, but not mEMB, fully rescued the DKO WR/Fas' inability to expose PtdSer, without affecting the caspase activation (Fig. 3D and Fig. S6F ).
Mutational Analyses of Mouse BSG. BSG and NPTN carry two Iglike domains (Ig-1 and Ig-2) in the extracellular region. They also carry a phylogenetically well-conserved glutamic acid in the middle of the transmembrane region (at position 222 in mBSG) (Fig. S4) , which is unusual for a protein with a single transmembrane region (23) . To identify the mBSG region(s) involved in interacting with mXkr8, we prepared an mBSG deletion mutants (Δ1) lacking Ig-1 and the point mutants E222Q and E222D, in which the glutamic acid at position 222 was replaced by glutamine or aspartic acid (Fig.  S7A) . These mutants were C-terminally HA-tagged and introduced into DKO WR/Fas or DKO WR/Fas expressing EGFP/mXkr8 (Fig.  S7B) . A large mXkr8 complex was observed in DKO WR/Fas cells transformed by WT mBSG or Δ1 mutant, but not in cells transformed with the E222Q or E222D mutant (Fig. 4A) . Similarly, transforming DKO WR/Fas-EGFP/mXkr8 with WT or Δ1 mBSG, but not the other mutants, caused EGFP/mXkr8 to translocate to the plasma membrane (Fig. 4B) and restored the DKO WR/Fas' inability to expose PtdSer in FasL-induced apoptosis without affecting the FasL-induced caspase 3 activity (Fig. 4C and Fig. S7C ). These results showed that the glutamic acid at mBSG's transmembrane region is essential for its ability to chaperone mXkr8 to plasma membrane.
A Higher-Order Xkr8 Complex in Apoptotic Cells. During apoptosis, Xkr8 is cleaved by caspase 3 at the C terminus to promote phospholipid scrambling (14) . To assess how caspase cleavage affects the hXkr8 complex, WT and caspase-resistant (2DA) hXkr8 were N-terminally tagged with V5 and introduced into PLB. As expected, staurosporine (STS) treatment caused PtdSer exposure in cells expressing WT hXkr8, but not in those expressing the 2DA mutant (Fig. 5A ). SDS/PAGE followed by Western blots with anti-V5 indicated that STS caused cleavage of WT but not 2DA hXkr8 from 37 to 30 kDa (Fig. 5B) . Because BSG has no caspase-recognition sequence in the cytoplasmic region, it was not cleaved upon STS treatment. Crude membranes were lysed with LMNG and analyzed by BN-PAGE. Western blots with anti-V5 showed that a half of the large hXkr8 complex in STS-treated cells shifted to a larger band (Fig. 5C ). Preincubating the membrane lysates with anti-hBSG further shifted the band to the upper region. In PLB expressing the 2DA mutant a large complex was similarly observed; this complex contained hBSG but did not shift to the larger complex when treated with STS. To confirm that the hXkr8 complex formed a larger complex in apoptosis-induced cells, membrane lysates were subjected to glycerol gradient centrifugation. CBB G-250, which reduces the aggregation of membrane proteins (24) , was added to the buffer to a final concentration of 0.008%. After centrifugation, 15 fractions were collected from the top and analyzed by SDS/ PAGE. Western blots with anti-V5 indicated that hXkr8 was present in fractions 4-7 from the resting PLB (Fig. 5D) ; hXkr8 in the STS-treated cells was recovered in the heavier fractions 7-11. However, STS did not change the sedimentation profile of the hXkr8 2DA mutant (Fig. 5E ). Thus, in cells receiving apoptotic stimuli, hXkr8 was cleaved by caspase and formed a higher-order complex with BSG or NPTN.
We then transformed PLB with N-terminally V5-tagged WT hXkr8 alone or with Myc-tagged 2DA hXkr8. Both transformants exposed PtdSer equally in response to STS (Fig. 5F ), suggesting that the 2DA mutant did not work as a dominant-negative form. Accordingly, the WT hXkr8, detected by anti-V5, was efficiently cleaved (Fig. 5G ) and oligomerized after STS treatment (Fig. 5H) ; the 2DA mutant was not cleaved and retained the structure with the same size. Next, lysates of crude membranes from PLB transformants expressing both WT and 2DA Xkr8 were analyzed by glycerol gradient (Fig. 5I ). As found with the transformants expressing WT or 2DA Xkr8, WT but not 2DA Xkr8 complex was heavier after STS treatment. These results indicated that the Xkr8 complex carried a single Xkr8 molecule, and that only the caspasecleaved form of Xkr8 participated in formation of a larger complex. These results suggested that the active Xkr8 complex for the phospholipid scrambling is a tetramer consisting two caspasecleaved Xkr8 and two BSG or NPTN. Discussion XK, a member of the Xkr family, forms a complex with Kell, a type II membrane protein with metalloproteinase activity (25) . XK connects to Kell via an S-S bond at the membrane-proximal regions (16) . The cysteine residue is not conserved in Xkr8 (Fig.  S8) , and Xkr8 does not seem to associate with Kell in mouse or human cell lines. The present study showed that Xkr8 is complexed with BSG or NPTN. Two splice forms (long and short) of BSG and NPTN (17, 18) supported Xkr8's scramblase activity with similar efficiency. The short forms of BSG and NPTN are ubiquitously expressed. Their long forms are expressed only in photoreceptors in the retina (26) and in neurons (27) , respectively, suggesting that Xkr8 is complexed with the short form of BSG or NPTN in most cells. EMB is a member of the BSG family (18), but unlike BSG and NPTN it could not chaperone Xkr8. The transmembrane region is highly conserved among BSG, NPTN, and EMB (58.3-62.5% identical) (Fig. S4) . However, the second Ig-like domain is 38.4% identical between BSG and NPTN, but only 20.2% identical between BSG and EMB; this may explain why EMB does not support Xkr8's localization to plasma membranes.
The apparent molecular weight of hXkr8 complexed with hBSG or hNPTN was around 240 kDa in BN-PAGE, whereas the molecular weight of the uncomplexed hXkr8 was 140 kDa. The apparent molecular weight of membrane proteins in BN-PAGE is 1.8 times higher than the actual M r (28), suggesting molecular weight of 133 kDa for the hXkr8 complex and 78 kDa for uncomplexed hXkr8. Together with the 2DA mutant's inability to inhibit Xkr8's scrambling activity, these results suggest that Xkr8 (40 kDa) forms a 1:1 complex with BSG (70 kDa) or NPTN (70 kDa).
The BSG's second Ig domain could localize Xkr8 to the plasma membrane, suggesting that BSG interacts with Xkr8's extracellular region. Kell is a type II membrane protein with a short cytoplasmic region (29) , indicating that it recognizes XK's extracellular domain. We previously postulated that Xkr8 has six transmembrane regions (14), but reanalysis with a recently developed program (30) predicted that both XK and Xkr8 carry 10 transmembrane regions (Fig. S8) . The amino acid sequences of Xkr8's five extracellular segments have no apparent similarity with XK, which may explain why XK and Xkr8 have different partners. The extracellular loops of Xkr4 and Xkr9 that support apoptotic PtdSer (14, 15) have only limited similarity to those of Xkr8. Whether Xkr4 or Xkr9 associates with BSG or Kell family members remains to be studied.
BSG is one of the most up-regulated genes in metastatic cancer cells (31) and has multiple functions (17, 18) . BSG and NPTN bind S100A9 and cyclophilins A and B and up-regulate the expression of matrix metalloproteinase (17, 32) to promote cancer-cell metastasis. BSG also laterally interacts with various proteins such as cyclophilin 60, integrins, monocarboxylate transporter 1 (MCT1), γ-secretase, and glucose transporter 1 (Glut1) (17) . The glutamic acid (E222) in the BSG's transmembrane region is dispensable for the association with MCT1 (33), suggesting that BSG interacts with various proteins via different domains. In any case, it would be interesting to examine whether basic amino acids in Xkr8's transmembrane region interact with the glutamic acid in BSG, as found for the T-cell receptor-CD3 complex (34) .
Xkr8 is cleaved by caspase to function as a phospholipid scramblase (14) . Recent proteomics analyses have identified more than 1,000 caspase substrates, most of which are bystander cleavages (35) . Among gain-of-function cleavages, that of kinases (ROCK1, protein kinase C, and Mst1) removes a regulatory or inhibitory domain, and the activated kinases regulate the apoptotic signaling pathway (36) . Here, we found that the cleavage of Xkr8 seems to cause its conformational change for the higher-order complex formation. A similar situation is found in apoptotic DNA fragmentation in Drosophila (37); CAD (caspase-activated DNase) is complexed with its inhibitor (ICAD, inhibitor of CAD) in resting cells. When cells undergo apoptosis, both CAD and ICAD are cleaved by caspase, and CAD released from ICAD dimerizes to become an active enzyme, suggesting that the caspase cleavage of proteins in a complex can induce a conformational change that alters the complex structure. Finally, we found that Xkr8, a scramblase responsible for apoptotic PtdSer exposure, is activated by caspasemediated formation of a large complex, likely a heterotetramer consisting of two cleaved Xkr8 and two BSG (or NPTN). Some TMEM16 family members, which also have 10 transmembrane regions and are dimers (13) , support Ca 2+ -dependent scrambling (10) . Although there is no similarity in amino acid sequence between Xkr8 and TMEM16F, they may have a similar tertiary structure. How cleaving the C-terminal tail causes the Xkr8 protein to dimerize, and how the Xkr8 and BSG (or NPTN) tetrameric complex scrambles phospholipids, will be challenging subjects for further investigation.
Materials and Methods

BN-PAGE.
A NativePAGE Novex Bis-Tris Gel System (Life Technologies) was used for BN-PAGE (24) . Briefly, the solubilized membrane fraction (2.5-15 μg protein) was adjusted with sample buffer reagents [final concentrations, 50 mM Bis-Tris·HCl, pH 7.2, 50 mM NaCl, 10% (vol/vol) glycerol, and 0.001% Ponceau S]. For gel-shift assays, the lysates (3 μg protein) were incubated with the antibodies (0.6 μg) on ice for 1 h, loaded onto NativePAGE Novex 4-16% (wt/vol) Bis-Tris gels, and subjected to electrophoresis at 150 V for 35 min at 4°C. The CBB G-250 concentration in running buffer was changed from 0.02 to 0.002% and the samples were further electrophoresed at 150 V for 120 min.
Preparation of Membrane Fractions. Membrane fractions were prepared as described (15) (Fig. S1 ). In brief, 1-4 × 10 8 cells were collected, homogenized with a Dounce homogenizer in 6.5 mL of 10 mM Tris HCl buffer (pH 7.5) containing 1 mM 4-amidinophenylmethanesulfonyl fluoride (p-APMSF) and mixed with 6.5 mL of 10 mM Tris HCl buffer (pH 7.5) containing 0.5 M sucrose, 0.1 M KCl, 10 mM MgCl 2 , 1 mM EGTA, and 1 mM p-APMSF. After removing nuclei and mitochondria by sequential centrifugation at 800 × g for 10 min and at 8,000 × g for 10 min, crude membranes were collected by centrifugation at 100,000 × g for 1 h and solubilized by incubation at 4°C for 3 h in 100-1,000 μL of CL47, CL48, or Buffer A [20 mM Bis-Tris·HCl, pH 6.8, 50 mM NaCl, 10% (vol/vol) glycerol, 1 mM p-APMSF, and cOmplete Mini] containing 0.2% LMNG. Insoluble materials were removed by centrifugation at 20,000 × g for 20 min, and the supernatants were recovered as membrane lysates. Protein concentrations were quantified by BCA Assay (Pierce).
Isolation and MS of the Xkr8 Complex. Crude membranes from 8 × 10 8 PLB hXkr8 were suspended in 5.2 mL of Buffer B (10 mM Tris·HCl, pH 7.5, 50 mM KCl, 5 mM MgCl 2 , 0.5 mM EGTA, and 1 mM p-APMSF) containing 40% (wt/vol) sucrose and homogenized by passing through a 23-gauge needle. In an SW40 tube (Beckman), 3 mL of 50% (wt/vol) sucrose, 5.2 mL of membrane fractions, and 4.3 mL of 17% (wt/vol) sucrose in Buffer B were layered and centrifuged at 100,000 × g for 2.5 h at 4°C. Light membranes at the boundary between 17% (wt/vol) and 40% (wt/vol) sucrose were diluted with Buffer B and collected by centrifugation at 100,000 × g for 1 h. Membranes were dissolved by rotating at 4°C for 2.5 h in 1 mL of CL48 containing 0.5 mM EGTA (CL48/EGTA) or CL47 with 1 mM p-APMSF and centrifuged at 100,000 × g for 1 h. The supernatant (600 μg protein) was incubated at 4°C for 2 h with anti-Flag agarose beads and washed three or four times with CL48/EGTA or CL47. Bead-bound proteins were eluted on ice for 2 h with 50 μL of CL48 containing 1 mM CaCl 2 or CL47 containing 1% Triton X-100. The beads were washed with CL48 or CL47, and proteins were further eluted with 50 μL of CL48 or CL47 containing 160 ng/μL of 3xFLAG peptide.
For mass spectrometry, the eluates from CL48 lysates were mixed with a one-fourth volume of 5× SDS sample buffer [200 mM Tris·HCl, pH 6.8, 10% (wt/vol) SDS, 25% (vol/vol) glycerol, 5% (vol/vol) β-mercaptoethanol, and 0.05% bromophenol blue] and incubated at room temperature for 30 min and on ice for several days. Samples were separated by 10-20% (wt/vol) gradient SDS/PAGE (Bio Craft) and stained with a Silver Stain II Kit (Wako). Protein bands were excised and analyzed by mass spectrometry at Japan Bioservice. In some cases, light membranes were solubilized with 1 mL of Buffer A containing 0.2% LMNG and incubated with anti-Flag-conjugated magnetic beads. The beads were washed with Buffer A containing 0.2% LMNG, and bead-bound proteins were eluted on ice for 2 h with 40 μL of 160 ng/μL 3xFLAG peptide in Buffer A containing 0.2% LMNG and analyzed by BN-PAGE. The band was excised from the gel and analyzed at the Core Instrumentation Facility of Immunology Frontier Research Center at Osaka University.
Glycerol Density Gradient Centrifugation. Crude membranes from 1.5 × 10 8 growing cells or 2 × 10 8 apoptotic cells were solubilized at 4°C for 3 h in 0.2% LMNG-containing Buffer A (250 μL or 160 μL for growing or apoptotic cells, respectively) and centrifuged at 20,000 × g for 20 min at 4°C. For a discontinuous glycerol density gradient, 500 μL of 27.5% (wt/vol), 500 μL of 25% (wt/vol), 700 μL of 22.5% (wt/vol), 700 μL of 20% (wt/vol), 700 μL of 17.5% (wt/vol), 700 μL of 15% (wt/vol), 600 μL of 12.5% (wt/vol), 600 μL of 10% (wt/vol), and 100 μL of 5% (wt/vol) glycerol in Buffer C (50 mM Bis-Tris·HCl, pH 6.8, 50 mM NaCl, and 0.008% CBB G-250) were poured stepwise into an SW55Ti tube. Solubilized membranes (50 μL containing 25-40 μg protein) were loaded on top of the gradient and centrifuged at 130,000 × g for 15.5 h at 4°C. After centrifugation, fractions were collected from the top (eight drops each, about 300 μL) using a liquid-layer injector fractionator (Advantech) and analyzed by SDS/PAGE followed by Western blotting. Additional information can be found in SI Materials and Methods. , cells were suspended in hypotonic buffer, homogenized in a Dounce homogenizer, and spun at 800 × g for 10 min at 4°C to remove the nuclei. The supernatant was spun at 8,000 × g for 10 min to remove mitochondria, and then the crude membrane fraction was precipitated by centrifugation at 100,000 × g for 60 min. To prepare the light membrane fraction (Right), the crude membrane fraction was suspended in buffer containing 40% (wt/vol) sucrose and loaded between 17% (wt/vol) and 50% (wt/vol) sucrose layers. The light membrane fraction at the 17/40% (wt/vol) sucrose interface was collected after centrifugation at 100,000 × g for 150 min at 4°C. (B) Procedure for isolating the proteins associated with hXkr8. The hXkr8 complex was trapped on anti-Flag beads. hXkr8-associated proteins were eluted with CL48 containing 1 mM CaCl 2 or CL47 containing 1% Triton X-100. hXkr8 was released from the beads with Flag peptides. S4 . Alignment of the amino acid sequences of mouse basigin (mBSG), neuroplastin (mNPTN), and embigin (mEMB). The amino acid sequences of mBSG, mNPTN, and mEMB were aligned to obtain the maximal homology by introducing gaps (-). The amino acid residues that are identical among the three members are in bold red, and the residues that are conserved only between mBSG and mNPTN are in light red. The first (Ig-1) and second (Ig-2) Ig-like domain 1 are highlighted in light blue and yellow, respectively. The putative transmembrane regions are shadowed in gray, and the atypical glutamic acid residues in the transmembrane region are highlighted in green. S8 . Alignment of the amino acid sequences of mouse XK and Xkr8. The amino acid sequences of human (h) and mouse (m) XK and Xkr8 were aligned to obtain the maximal homology by introducing gaps (-). The amino acid residues that are identical among the four members are in bold red, and the residues that are conserved only between human and mouse Xkr8 are in light red. The putative transmembrane regions are shadowed in gray, and the extracellular regions are in light green. The cysteine residues at position 347 of XK connected with Kell are highlighted in blue.
